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IC. Y. Kondrat 'yw 

"Thermal Radiation Wfects i n  the Upper Atmosphere" 

Soon a f t e r  the discovery o f  the stratosphere at the beginning 
of t h i s  century, a number of theories were proposed explaining the 
isothermal conditions i n  the stratosphere by the existence of a state 
of radiative equilibrium i n  t h i s  layer. 

Since then, the atmosphere has been t radi t ional ly  divided in to  
the "lower" (convection zone), and the "upper" (radiation zone). 

Our knowledge about the principles of the thermal regime of 
the  upper atmosphere has great ly  increased in  the last decades and, 
especially, i n  recent years. 

turbulent mixing up t o  an al t i tude of about 100 lan i s  of great Fm- 
portance i n  this respect. 
the only factor controlling the thermal regime of the stratosphere 
and the thermosphere. The situation i n  the thermosphere i s  similar 
as regards thermal conductivity. 

upper part of the thermosphere and the exosphere i s  extremely great.  

i s  one of the mador factors  i n  the thermal regime of the upper atmos- 
phere s t i l l  holds. 

It i s  for  t h i s  reason that  w e  are discussing today the problem 
of thermal radiation e f fec ts  i n  the upper atmosphere. 

The problem under consideration i s  very broad and diversified.  
W e  s h a l l  attempt t o  review t h i s  problem without going in to  a detailed 
analysis of it. On the contrary, our purpose i s  t o  present cer ta in  
views on the thermal effects  of radiation i n  the upper atmosphere based 
only  on investigations conducted i n  t h i s  f i e l d  by the Department of 
Atmospheric Physics a t  kningrad University. 

atmosphere, we must f irst  of a l l  keep i n  mind the essent ia l  character- 
i s t i c s  of the processes taking place i n  different  atmospheric layers. 

The division of the upper atmosphere in to  the  stratosphere, 
thermosphere, and exosphere means, i n  particular,  t ha t  there are several 
zones which have a specific thermal regime. 

Numerous computations and, i n  part, direct  measurements [see 
(1,2)] show that extensive regions of the stratosphere and mesosphere 
are i n  a state close t o  radiative equilibrium. 

complex investigations on the radiation balance i n  the troposphere and 
stratosphere conducted a t  Leningrad University. 

The f a c t  establishing that the atmosphere i s  in  a s t a t e  of 

Prm this it follows that radiation is  not 

The variety of mechanisms determining the thermal regime of the 

Despite the f ac t s  mentioned above, the conclusion tha t  radiation 

In  order t o  solve the problem of the thermal regime i n  the  upper 

To i l l u s t r a t e  t h i s ,  we sha l l  present some of the resu l t s  of 
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We have developed a coqlex of automatic balloon instruments 
which make it possible to measure the radiation balance, its components, 
the main meteorological elements (temperature, pressure, and air hu- 
midity) and the ozone content in the atmosphere during the daytime. 

Fig.1. gives the results of measurements made on November 14, 
1961, which clearly show that the radiative equilibrium zone is found 
above the 9-km level. Even though we know that the influence of tur- 
bulent mixing may be rather important at this level, it is not possible 
yet reliably and fully to account for this influence, since our knowledge 
of the quantitative characteristics of turbulence in the stratosphere 
and mesosphere is insufficient. 
lem of the vertical temperature distribution in the stratosphere and 
mesosphere within the framework of the theory of the radiative equi- 
librium by utilizing contemporary nptions concerning radiative transfer 
in the upper atmosphere. Udortvately, the little information avail- 
able on humidity in the stratosphere prevents us from making reliable 
quantitative calculations of the temperature distribution in this Layer. 

takes into consideration the temperature distribution in the mesosphere, 
i.e. at altitudes from 30 km to 80 lun. 

by molecular oxygen and ozone ordinarily is equivalent to long-wave 
radiaticol in the 1% C02 band and the 9.6Fr ozone band in the mesosphere. 

Our purpose is to calculate the constant vertical temperature 
distribution based on these assumptions. 

The mesosphere is divided into n layers. For each layer the 
condition of radiative equilibrium is &t down. 
body radiation Bv(T) is approximated by a Taylor's power series 

Hence we may in turn consider the prob- 

That is why G.M.Shved in a work which we shall discuss later 

It is assumed that during the day absorption of solar radiation 

The intensity of black 
- -  

where 9 1  are the coefficients of the series. 

consideratian is divided into a mn&er of intervals (index L r) in which 

The spectral region under 

B~(T) ~lray be WSWW to ~ a r g  OIIJJ sligw3. 

The temperature distribution is found by solving n equations with - 
respect to n unknowns of the 81 type: - - 

k=i l=o 
where 
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r 

Here ky(z)  i s  the  absorption 

quency V, and a t  a l t i t ude  z j  

(AZ), i s  the thickness of the  layer i n  which temperature i s  considered 

t o  be constant and i s  equal t o  Q; 

hs(z) i s  so la r  heating f o r  a unit volume (it depends on the  angular so la r  

a l t i t ude  and the  0, and O3 content); 

J d  i s  infrared radia$ion i n  the space r b&tween the surface of the 

where brl i s  determined from (I). 

the deviation from emission seemding t o  Kirchhoff's law; 

The second i t e m  i n  br. I s  re lated t o  

8 i s  the l i fe t ime of the excited vibrational s t a t e  of a molecule; 
i s  the time required for t he  vibrational states t o  return t o  

normal by collision. Since A N A  (p  is atmospheric pressure), a cor- 

rec t ion  f o r  the deviation FromICirchhoff's l a w  i s  s ignif icant  fo r  the 
l5p band of C02 above an a l t i tude  of 70 km. 

essen t i a l  f o r  03, since the contribution of 0 

small from 60 km up i n  comparison t o  the contribution of C02. 

P 

This correction is  not 

t o  cooling i s  negligibly 3 
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h, the prob-la'boils clown to calculating t he  fi l lawing 
integrals for all r intervals: 

ti 1-rot na l  
l5p band of C02 and 9 . 6 ~  band of 
la ted  l ine .  

we may assume tha t  we have an i so -  

The 'Lorentz half-width AvL- p and the l i nes  become so narrow 

For the Q component, the overlapping of the l i nes  i s  very essen- 
t h a t  t h e i r  overlapping can be neglected. 

t ia l ,  with the possible exception of the upper mesosphere. Therefore 
the question concerning the Q component requires special  study. 

However, even i n  t h i s  case w e  may expect sat isfactory r e su l t s  by 
approximation on the  basis  of an isolated l i ne .  

When the l inesover lap  significantly,  the region of the  Q com- 
ponent becomes pract ical ly  opaque and "does not take part" i n  radia- 
t i ona l  heat exchange and, therefore, the contribution of the Q component 
t o  radiative heating i s  small. When overlapping i s  not very great, 
approximation on the  basis of an isolated l i n e  can be used. 

according t o  frequencies belonging t o  the individual l ines:  
The integrals  i n  (6) must be the sums of the following integrals  

The number of these integrals  i s  determined by the  number of l ines  i n  
t h e  r interval .  
of different  in tens i t ies .  

are considered equal t o  the value computed f o r  t h a t  in tens i ty  of the  l i n e  
which i s  closest  t o  the  given actual intensi ty .  

Doppler-Lorentz shape of the line. 

Integrals  (7) must be calculated f o r  a set of S l ines  

For each ac tua l  l i ne  w i t h  a cer ta in  intensi ty  S, integrals  (7) 

The ca l cu la t ims  are made by taking in to  account the complex 

Therefore, it i s  important t o  take i n t o  account the dependence of 
U i 

(7) on temperature. The Urentz  half-width is  A -- - and the  Doppler 
E .  V I  U half-width i s  A - vq., This dependence i s  evideney not essent ia l  fo r  
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the range of atmospheric temperatures. 
ence of the intensity of the line must a b 0  be tetken in to  account 

However, the temperature depend- 

. ,  
T' 

where E, i s  the vibrational energy of the molecule corresponding to the 

lower s ta te  of vibrat ional  t rans i t ion~ k i s  Boltzmann's constant,, 

distribution will qualitatively correspond t o  the observed distribution, 
integrals (7) can be computed by using the standard ver t ical  temperature 
distribution ( a l l  other structural parameters of the atmosphere are 
given in  the same way). Note that calculation of integrals (7) by using 
the rea l  temperature distribution has an independent valuej for example, 
for  computing the radiative heating of the atmosphere. Integrals (7) 
are also calculated for a simple case where S i s  independent of T. 

transitiar of the 1% brmd of CU2 which contributes not less than 5 6  

-- 

Since there is  reason to expect that the calculated temper8ture 

The last calculation i s  applicable only t o  the main vibrational 

of the total C c m M W i a n  of this band to tihe -ling of the  nescrsphere. 
If the mlum~? concentration of C?02 i s  considered constant, then that of 
O3 changes greatly with alt i tude and must be taken into account i n  

integrals (7) for  the O3 lines. By calculating the integrals by f re -  

quency intervals of finite width ( the liBpits of i n t e p t i c m  are Yo -1 
and YO + I where V o  i s  the frequency of the cesrtm of t k  Ilne and V 1  

i s  the distance from the center) and comparing them with the full 
integral, it i s  possible t o  determine the applicability of the approxi- 
=tion based a an ieoJated line f r a n  the known ~~E+JI distance between 
the llnee of the baxd.. _I_ 

large number of l ines and because many differest  calculations are in- 
volved. Therefore, an electronic computer mst be,used. After (7) is  
calculated, we shal l  need a high-speed computer t o  solve the rather 
complicated system of equations (2). 

hs( z )  values t o  establish the dependence of temperature dis t r ibut im on 

seasons and latitude, on temperature distribution in  the lower atmos- 
phere, on cloudiness, etc. We must note that  the considered formalism 
of the temperature calculation i n  the framework of the radiative 

It is difficnl$ t o  calculate integral (7) bemmse there is  a 

It is  useful t o  calculate temperature for a number of J,.o and 
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equilibrium theory d i f f e r s  somewhat from the (not very accurate) method 
of calculating temperature which takes in to  account turbulent and 
molecular heat conductivity, if the  turbulent and molecular heat ex- 
change coefficients are known. 

i s  achieved when the influence of thermal conductivity i s  taken in to  
consideration. 

are p e r t b e n t  to t h e  theory of radiation transfer:  

An almost t r i v i a l  generalization of the r e su l t s  mentioned above 

At  the same time we shall calculate the following integrals  which 

b 

The prograadng of calculations on the M-20 electronic computer has now 
been completed, andsome of' the  calculations have been made. 

The average time it takes t o  calculate one in tegra l  i s  from half 
a minute t o  two minutes. 

As the solution of the problem requires t he  calculation of a 
large number of integra33 it was expediient t o  determine the poss ib i l i ty  
of using the approximation of the intense l i n e  (weld). 

puted by the  approximate formulas, we established, the limits of appli-  
cab i l i t y  of the given approximation f o r  the 1% band of COP. 

If S > 0.3 cm-l (cm-atm)-l, which includes approximately half of 
the  considered lines of the anrin vibratioaal kranaition, then the in te -  
gral 

By ccanparing the integrals computed accurately With those can- 

L 



With decreasing 8 ,  the range of application of t he  approlri- 
mate forlmila decreases rapidly. 

A t  S "0.03 cm'l (crn-atm)-', suff ic ient  accuracy can be obtained 

The same i s  t rue  when the approximation of the intense l i n e  i s  
only fo r  layers w i t h  a ,< 35 km. 

used for  caIculating the Integrals 
OD 

d v k ,  (a) k,(b) E&, b; 
110 

representing the contribution of the atmosphere a t  the "a" l eve l  t o  
heating a t  the "b" level (or  vice versa). 

However, i n  t h i s  cage the range of application of the approxi- 
mate formulas is sqaeqb& 2llsTrTrwer and depenaS, in part icular ,  on the 

For i n t ens i t i e  & m . a n c z  0.m w (an-iEbr)-l t& 
appr0x-e mmdmm v&G%r a are 45.35 a z i i  30 ICR, respectimIy, 
the corresponding msxinnm possible values of b are 90.85 and 65 km. 

It is more Illrely that a l ees  intense Ilne contributes less t o  
heating than a mre intense one. 

But it w a s  found that f o r  cer ta in  opt ica l  thicknesses the de- 
crease of S in a given range causes not only a reduction i n  the decrease, 
of' the in tegra lva lues ,  but also an imx-ease mer which the values of 
the  in t eg ra l s  decrease again. 

1) 

borrPaarJrofthrrblayer*mz 

Here  are scuue examples: 
heating of %he atmosphere at 65 ha from the layer near 25 IBa at  

S = 0.0003 cm'l (~m-atm)'~ i s  nearly the same as a t  S = 0.3 

( cm-atm) -l; 
heating a t  80 km from the  atmospheric layer near 40 km a t  

S = 0.003 cm'l (~m-a.tm)-~ i s  10 times greater than t h a t  a t  S = 

2) 

3 C a - l  (cm-atar)-l. 
It considerably increases the  role of the l i nes  of l o w  in tens i ty  

r the layer from i n  the thermal regime o f t h e  m e s o s p h e ~ , . e a p e c ~  - - 60 t o  90 lon. 

shape uf the  line along the path of' BL ray. 
The reason fo r  this phenomenon evidently is  the change i n  the 

close to Dapplerfs wZlose width hasdly changes in the  atmosphere and 
whose wings are  weak. 
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The decrease in  intensity results i n  a shif t  of the spectral 

Thierefose, the emission coming f%m belox is absorbed mt 
intervals where absorption occurs towards the center of the line. 

only by the weak wings1 but also by the intense central part of the 
line. 

also exceeds the effect of a decrease i n  the intensity of the  Une. 

into account the c=hange i n  the form of the spectral l ine with elevation 
in  the problem of radiative flux divergence in  the mesosphere. 

mosphere which i s  being studied byY.P.  Suslov. Calculations of the 
ver t ical  tenrperature distribution a re  based on the following assump- 
tions: 
1. 
t h e e  at wawbngthg 
a t  wavele&hs 
and A).  
2. The temperature distribution depends cm the relationship between 
the divergence o f t h e  t h e m 1  energy flux as a result  of the abaorp- 
t ion of solar radiation and i ts  loss by molecular heat conductivity 
and the natural infmred emission of the thermosphere. 
3. The thenosphere i s  in  a state of thermal equilibrium (the tem-  
perature of electrons i s  approximately equal t o  that of atom and 
molecules, the natural infrared emission is  thermal). 

the thermosphere can be represented by the thermal conductivity equa- 
t i on  

So "the effect of the shift" does not only compensate for, but 

Frau this it follows that it i s  of primary importance t o  take 

How we shal l  discuss the temperature distribution i n  the ther- 

The saqree of &?sting I s  solar radiation which i s  absarbed i n  the 
c 1700 A (especially the emission lines 

= 300-800 A, I n  particular, the helium lines 3dt A 

, If we accept these assupt iom, the temperature distribution i n  

where T is  teqerature,  q i s  the mount of thermal energy received by 

1 c d  per sec at a level z 8s the result of the absorption uf ultra- 

violet  solar radiation; 1 - is  the natural emission of 1 cm per sec a t  

the z level; A =  a T 3/4 is  the thermal conductivity coefficient (a i s  
a constant 
atmospherej . 
(dissociaticp and photioaization); therefore, the weakening of solar  
radiation i n  the tbermspkre i s  exponentialy 
dent radiation a t  the z level i s  equal t o  

3 

somewhat dependent pn the cheaical wqorait ion of the 

Ultraviolet radiation i s  absorbed i n  the continuous spectrum 

The intensity of inci-  
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- a secl8 J ndz J (z) = Jo e 
Z 9 

where Jo is the solar radiation flux on 1 cm 2 per sec at the boundary 

of the atmosphere; 
U is the absorption cross-section, 8 is the angle of the sun at 

ndz is the amount of radiation absorbing particles in an at-, zenith, 

mospheric column frola the z level up to O3 . 
height is expressed by the barcaeetpic fanazrla 

2; 

It has been assumed that the distribution of particles with 

Substituting (U) in (10) we get 

W 

- Usec8J  noTo 
J (z) = Jo e 

Z 

The quantity of energy absorbed 

Z 

(12) 
- 

ZO , __  

2 by 1 cm in 1 sec is equal to 

dJ0 dz = p se+n (z) J (z). (13) 

So, without considering the losses due to emission, formula ( 9 )  can be 
represented in the form: 

I 

(14 1 
d (A -& dT +an  (z) sec 8 J (z) =- d ( A x  dT + J (z)) = 0 

dz 

dT A x  + J (z) = C. 
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The constant C is d e t e r s l a  

of the atmsphere (i.e. t.€st%t there i s  no heat flux here due t o  thermal 
conductivity), and that J( 03 ) = J0. 

assuming that - d t  = 0 a t  the b m k r y  
dz 

5 e n  C = Jo, and equation (14) 

i s  written i n  the form 
m 
@ 

dT - sec J n(z)dz 
A- - Jo ( l - e  dz  , 1 = 0, 

co 
mere n(z) is  e v e n  by (n) . 

The value Q =  Jo [1-e 
- - -a sec 8 s n(z) dz ] 

Z 

i s  the  energy absorbed i n  an atmospheric column fram the z level t o  ‘a0 
(taking into account that different l ines of the incident radiation 
have different intensit ies and different absorption cross-sections, 
this value, i n  real i ty  is equal to m 

- aik Bec e J nk ( z ) $ ~ j  Q = C  JOi [l - e s 
i 2 

where swmxtion is performed according to t h e  wanlengths BB w e l l  as t o  
atmospheric components). 
due to thermephere emission, we can present fcjrmula ( 9 )  i n  the follow- 

Taking into consideration the losses of energy 

03 
ing form: 

n 

L = I (z) dzi where s 
-- z 
As there are no molecules w i t h  a dipole moment i n  the thermo- 

sphere, i t s  m radiation i s  small. As stated by D.R. Bates, transit ion 

O(s1) +. O ( 6 )  + hv, (0.020 ev ) of atomic oxygen plays the chief role 

i n  the t h e r m a l  emission of the thermosphere. Therefore, if we assume 
that the raediuma is  o p t i q  thin, the t&xmsl emission of the  atmospher- 
i c  column from al t i tude z to a ie equal. to 

1- - I 

03 

(17) L(z) = A P  sno(z) dz, 
Z 
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where A - is the probability of transition, P is a function giving the 
number of atoms in the excited state for a given transition*, and no(.) 

is the amount of owgen atoms in 1 cm-j. 

f'unction of Z. 
portant. 
the method of successive approximations, in which Q, L and are com- 
puted first for the given temperature distribution, and then T is deter- 
mined from (16). The temperature distribution obtained is used again to 
determine Q, L, and , then the temperature is computed once more, etc. 

The solar spectrum in the extreme ultraviolet region is not 
sufficiently known yet; in particular the important helium lines 304 A 
and 584 A. Nor are the values of the absorption cross-sections well 
known. 

The composition of the thermosphere at different altitudes is not 
known for certain either. 

The lack of these data does not make it possible to find the 
exact solution of the stated problem. 

However, it is possible to find some common features of the tem- 
perature distribution at different altitudes in the thermosphere based 
on the assumptions made earlier, and the dependence of this distribution 
on the main parameters (incident energy, the absorption coefficients, 
ana density). 

two lines having absorption cross-sections of about X 10''' & 
corresponding to maximum absorption at an altitude of 100-120 km (E layer, 

The values A, L, and Q depend on temperature T which is an unknown 

Therefore, in order to find T from equation (16), we must use 
The dependence of density on temperature is very im- 

The calculations were mde by representing incident radiation by 

- __ .- ' continuous - _ _ _ _  l&TmT&q X-ray radiation), and I lO-'7 c& with 
maximm absorption at am altitude of 160-180 km (F layer, helium lines 
308 A and 584-A, and other lines at 

1. 
and decreases evenly with altitude. 
practically isothermal region in the upper part of the thermosphere at 
an altitude of 260-300 h. 

< 800 A). 
The results of our calculations lead to the following conclusions: 

The temperature gradient in the thermosphere is positive everywhere 
This results in the appearance of a 

* Assuming equilibrium distribution, we get 

gl exp (- e,/kT) 
g,+ gl exp (- el/kT) + g, exp (- edkT)  ' P =  

where ~ 2 ,  gl, go are statistical weights, and El, e o  are the energies of 
the corresponding states. 



The lasses of thermal energy i n  the entire thermosphere 86 a result 
of emission are less than the energy absorbed, i.e. Q - I, > 0 in the 
entire thermosphere (fig.2). 
2, 
thermal region 
1.5-2.5 erg/& see. 

i n  the themsphere, minimum solar radiation energy must be 3.5-5.6 erg/ 

/& secI and 1.2-2 erg,/& sec must be proPlded by radiation of A <  
800 A and absurbed in  the  F.Layer. 
3. 
ture gradients are found below 150-170 km, ranging from 17" K/km wlth an 

energy of 1.5 erg/cm2 sec t o  30" K/km with an incident energy of 2.5 

erdcm sec at 811 altitude of E O  lan. 

i n  an increase of the maximum absorption level and, consequently, i n  
higher t q e r a t u r e s  a t  the same incident energy. 
4. , 
temperature i n  the middle and upper thermosphere. 
5. 
and the length of the path alongwhich absorption takes place increases, 
i.e. the maximum absorption altitude increases. 

first i s  greater and, as E result, the temperature of' &C themmphem 
decreases f'rcmi the lower taward~ the m i d d b  Latitudes. 

%!be problem of the temperature distr@utionin the thermosphere 
w a s  sol.rred. by O.P. Hlipapich in SL dif3kvm-t 189per. 

Estimates of the role of different fsetors in the heat regime of' 
the upper atmosphere aye given i n  mogmph  121 , 

This monograph also discusses a method of theoretically deter- 
mining the temperature distribution i n  the upper atmospheric layers. 

Hem, the eqpstion of energy cQnservation or the  generalized 
thermal conductivity equatian 

Further the the- cumluctiv&ty equation was used t~ actually 
calculate the ver t ical  temperature diatgw-& h the thermosphere 
(i .e.  a t  altitudes above 100 km). 

E m r ,  i n  addition t o  the method of determining T (z ) ,  from 
the tqudian of energy consemtion,there i s  another methud thst may be 
used t o  solve this problem. 

da%s e ~ f ,  #@ density of the atmosphere (which have been obtained chiefly 
by means of rockets and satellites 131) by using the equation of h~tiz-0- 
s t a t i c  equilibrium (dp 
an ideal gas (p = n k ~ )  . 

In order for  the temperature t o  r i s e  t o  about 1200-1800% i n  the iso- 
the energy absorbed and converted in- heat must reach 

This means that i n  order t o  maintain the foregoing temperature 

Most of the energy i s  absorbed below 200 Inn. The greatest tempera- 

2 
An increase in  density, or i n  absorption cross-sections, results 

The greater the radiatian absorbed in  the F layer, the,higher the 

ZIhe amount of energy absorbed per c& diminishes a t  oblique incidence 

These two factcars oppose esch other, but the influence of the 

uBed tu a &u%hg principle. 

The temperature distribution can be determined from empirical 

- gdz) combined with the equatfon of s ta te  of 

! 



The second methud is often used In  constructing d e l s  of' the 
Upper atmosphere. 

1. Deteradslng the Temperature of the Therxuosphen fram the 
Thermal Conductiyity Equation 

The equatiun foT average te¶.perature 
d dT =(A -&) + s'(z) - t ( Z )  = 0 

was taken as a Stastine; point, where 

coefficient, (5 - i) is the radiative energy converted into thermal 
energy, written as the difference between absorbed energy (z) and radi- 

3 ation (i) of I cm of gas per second. 

thermal conductivity 

is the thermal conductivity 

- 

Equation (18) is derived f r o m  the more accurate equation of 

where c is the 
expressed 8s 

heat capacity of a unit volume if the temperature is 

(20) T (z,t) ='?;(z) + AT (z,t), 

where-&P(l;,t) are the teqemture fluctuations l2, ch.IX1. 
A =  A (z,T) depends on temperature, 

T(z)  can be determined from equation (18), for instance, by the method 
Since thermal conductivity 

of successive approximation which was used F.S. Johnson (see 121 ) . 
However, the solution of equation can be considerably 

simplified if we represent the thermal conductivity coefficient by 
the following expression:, 

(21) 
x ( z )  = A  (z) TS (z), 

wfrere flmC3tio-n A (z) depemib on the composition of' the atmosphere. 
Taking into accormt (21), the coqlete solution of equation 

(18) can be written as 
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where zo and zd are  the lower and the upper boundaries of t h e  region under 

consideration. 
Solution (22) i s  the i n i t i a l  formula from which the v e r t i c a l  

temperature dis t r ibut ion has been calculated. 
As we can see from (22) ,  the following data are  needed t o  deter-  

mine T(z) : 
1. 

2.  
3 .  
under consideration. 
4. 

I 

The dis t r ibut ion of the radiative heat flux divergence with a l t i t ude  

The dependence of A(z) on alt i tude.  
The average temperatue T(zo) a t  the i n i t i a l  boundary of the layer 

The mean heat f lux  a t  the  upper boundary of the layer 

(S-0 

The resu l t s  of calculations of T(z) are  given i n  fig.3. 

the dependence of function A(z) on a l t i t ude  were taken from M. Nicolet's 
work 551 . 

As there a re  no accurate data on the magnitude of heat fluxes 
from the upper boundary of the  region under study (h = 500 km), outer 

erg/cn? sec have been considered. 

entering the ear th 's  atmosphere greatly a f fec ts  temperature dis t r ibut ion.  

Data f o r  6 were taken from F.S. Johnson's study [41, the data on 

f luxes of 0, 0.1, 0.5, and 1.0 

As we can see from fig.3, consideration of the outer heat fluxes 

So, f o r  instance, fo r  with the outer f lux  varying from 
2 

0.1 erg/& sec t o  1 erg/cm 
varies  from 1150" t o  1910"; a t  the 300-km level, it varies from lkOO°K t o  
2780°K; and a t  the  500-km level, from 1500°K t o  3790%. 

We, know t h a t  the d i f f icu l ty  of determining T(z) i n  the thermo- 
sphere i s  pr incipal ly  associatedwith the absence of re l iab le  data on 
the  composition of t h i s  region. 

I n  th i s  respect it i s  interest ing t o  calculate temperature distri- 
butions f o r  varying distributions of atmospheric components w i t h  a l t i tude .  

For the same composition variant, the  change i n  the temperature 
curve, caused by the difference in the values of the outer fluxes as w e l l  
a s  by the difference i n  the dependence of the coefficient of thermal con- 

sec, the temperature a t  the  200-km l eve l  

duct ivi ty  on temperature T ANT^'^ ; A-T 3/4) , preserves t h e  same features 
as i n  the dis t r ibut ion shown i n  fig.3. 

i n  the i n i t i a l  data on the composition of the upper atmosphere amounts 
t o  10-15 percent. 

The difference i n  the temperature curve caused by t h e  difference 



2 .  Determination of Temperature from the Equation of Hydro- 
static Eauilibrium and Fromthe Main Eauation of an Ideal Gas 

The second method of determining T(z) is based on the equation 
of hydrostatic equilibrium 

and on the equation of state of an ideal gas 

p = Cpi = nkT. (24 ) - 
@I = C mini =men; n = C ni). 

i i 
Equations (23)  and (24) give the relationship between density 

asd teqrera;ture 

This shows that empirical density data make it possible to obtain 
information on temperature distribution only if the distribution of the 
=an aoleculaa mass $2) (or the mean molecular weight = Nz) with 

-===i 

-altttiiZT rm*. 
EQuations (23) and (24) were used by O.P. FilLpovich to solve 

Finding the molecular temperature f r o m  data on atmospheric density 

Fin- the true temperature from atmospheric densit 

the two following problems: 
a. 
at altitudes above 100 lan; 
b. data (the last 

to which isothermal conditions are found at altitudes exceeding approxi- 
mately 200 km). 

integration of the equation of hydrostatic equilibrium 

problem is concerned with correcting D .R. Bates ' model ;Y 71 according 

To find the molecular temperature, the method of the immediate 

Z 

! ZO 
was used, which, together with (24), gives: 

Z 
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However, formula (27) cannot be used to determine T (2) in practice. 

This is due to the fact that the first, and most important,member in 
(27) is extremely sensitive to the minor mistakes in p ( z 0 )  or %(zo). 

static epuillbrium is integrated from z1 to z ,  where z1 is the upper 
bounhry, and not fmm zo to z. 

m 

This difficulty can be eliminated if the equation of hydro- 

Then instead of (27) we have 
Z7 

In expression (28) the second member plays the main role as the 

The results of calculations-of the molecular t&prature from equation 

As we can see from fig.4, the distribution of Tm(z) differs con- 

first member decreases exponentially with decreasing altitude. 

(28) are presented in fig.4. 

siderably from the distribution of Tm(z) obtained by the ARDC-1959 

model. 

cording to H. Kallman's model [81). 

lower combination of curves) are also presented in fig.4. 

and the data on variations of the molecular weight with altitude given 
in L.E. Miller's study [91. 
generally speaking, of no interest because, in our opinion, the data on 
L.E. Miller's m(z) curve are not reliable.) 

mine whether D.R. Bates' [TI conclusion about the presence of isothermal 
conditions above 200 lun is correct, without attempting to obtain more 
accurate results than those obtained by other authors. 

hht flux fr& the outer bmndary of the upper 3tm,,,&?. 

that there is a diffusion equilibrium among the main atmospheric com- 
ponents (O,, 0, N2) above the 120-km level, as assumed by D.R. Bates, 

and from his boundary values for the temperature and concentration of 
the different components of the atmosphere. 

(Note &&& ' we proceeded from the distribution of p (z) ac- 

The results of calculations of the true temperature T(z) (the 

To determine T(z), we used the distribution of %(z) thus obtained 

(The obtained distribution of T(z)  is, 

Let us now find the true temperature by other methods. 
In this case the main purpose of calculating T(z) was to deter- 

& ' conclusion fallows theoretically f i a t  the &mace of a 

In accordance with our purpose, we proceeded fromthe assumption 

* 
-A 



I n  calculating T(x), we proceeded from the values of density 

We did not take, as D.R. Bates did, the def in i te  ana ly t ica l  
p (z)  given by H. KaUman's model 181 . 
form fo r  the temperature curve which would have cer ta inly provided f o r  
isothermal conditions a t  high a l t i tudes ,but  immediately determined the 
temperature agreeing best  with the experimental values of density 
p(z) 

To do this ,  w e  divided the a l t i t ude  in te rva l  under consideration 
kd<z < 400 km) i n t o  layers 5-10 km thick and approximated 

its -e curve by the  l inear function 

T(z) = T(z0) + Q! (Z - zO), ZO 5 z 5 z I ,  (29)  

where zo i s  the lower boundary of the layer, z i s  the upper boundary, 

dT 
CY = & 
- 

i s  the temperature gradient, which i s  constant fo r  the given 

layer. 
Using, as D.R. Plates did, the equation of difAraion eqylllbrlum 

7 1  - 1  

fo r  each component '&dpi = QigdZ ), the  equation f o r  the state of an 
I 

ideal gas Pi t %k!P, and condition (29) ,  we get  

Equation (30)  w a s  solved by the sampling method which consists 
i n  selecting f o r  emh layer  a value f o r  gradient a a t  which density 

value for V ( Z )  . p (z), calculated from formula (3O), agrees best with the empirical 

The r e su l t s  of the calculations are given i n  fig.5. 
I n  addition t o  the c u e  f o r  T(z), obtained from equation (30 ) ,  

f ig .5  gives the curves obtained f romthe  thermal conductivity equation 
( f o r  a heat f lux  of 0 and 0.1 erg/& sec), as w e l l  as the  temperature 
d is t r ibu t ion  curves of D.R. Bates and those based on the ARDC-1959 
model and A.A. pokhunoy's -[lo] model. 

As we can see fKw fig.6, t h e  curve for T(z) obta_ined by us 
differs f b m  that of D.8- Bates 171 andcorresponds t ~ & - - s ~ q e r a f , u r e  
increase w i t h  a l t i tude .  

The following conclusions can be derived when comparing the curves 
obtained from the equaticn of hydrostatic equilibrium and the thermal 
conductivity equation. 

~ ~~ 
~~ -~ ~- 
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The temperature calculated from the thermal conductivity equa- 
t i on  increases with a l t i t ude  more steadily and slowly up t o  an a l t i t ude  
of 300 km than the temperature calculated from the equation of hydro- 
s t a t i c  equilibrium. 

solar energy 
t h a t  assumed by F.S. Johnson, and, on the other hand, t o  the  f a c t  t h a t  
F.S, Johnson's values f o r  

This difference may be due, on the one hand, t o  the f a c t  that 
( q, (2)) i s  absorbed i n  a narrower a l t i t ude  in te rva l  than 

q(z)  (which we used t o  calculate T(z) from 
the thermal conductivity eqmtiorr) agmw3aL - ---&a l!X*- 

A t  a l t i tudes  above 300 Ian, the dis t r ibut ion of T(z), obtained 
from the equation of hydrostatic equilibrium, agrees closely w i t h  t h a t  
obtained fromthe thermal conductivity equation f o r  an outer heat flux 
of 0.1 erg/cn? sec. 

other authors, f ig.6 gives the temperature dis t r ibut ion curves based on 
different  models. 

i n  r e su l t s  of temperature calculations based on the models of d i f fe ren t  
authors. 

methods used t o  construct the models, t o  the i n i t i a l  assumptions =de 
concerning the  diffusion equillbrium level, t o  the assumed parer of 
pa r t i c l e  dissociation a t  different  levels,  and a l so  t o  the difference 
i n  the initial data on the  dis t r ibut ion of atmospheric density with 

For the convenience of comparison of our resu l t s  with those of 

As we can see from fig.6, there are considerable discrepancies 

These discrepancies can be a t t r ibu ted  t o  differences i n  the 

~ ~ -~ 

t h s t ~ l . € F b a s e d o n r r x r c r 5 ; t t  
data are  of' 

However, we must emphasize tha t  u n t i l  re l iab le  data on the  com- 
posit- of4the utpper atmosphere m e  obtained, it will be d i f f i c u l t  t o  
say which model i s  preferable. 

I n  fact ,  any model answering the empirical values f o r  density 
p (z)  may be considered practical .  

From t h i s  point of view the value of constructing models l ies i n  
that  a l l  possible variations of the composition of the upper atmosphere 
which give t h e  same dis t r ibut ion f o r  density P (z)  may be considered. 

There i s  a l so  a great difference between the temperature "sensi- 
t i v i t y "  toward changes i n  re la t ive concentrations (i.e. i n  the camposi- 
t i o n  of the atmosphere) i n  models constructed by means of the equation 
of hydrostatic equilibrium and the equation of state and i n  models 
constructed by means of the thermal conductivity equation. 

physical phenomena taken Lnto consideration i n  the  two equations used i n  
the two methods. 

Then, the curve corresponding t o  an outer heat  flm' of 0,I. erg/ 
/ c$  sec is  similar in  nature to  the curve f o r  T(z)  i n  A.A. Pokhunov's 
model [10lconstructed t o  an a l t i tude  of 200 b. 

st at the present 

This difference can apparently be explained by %he difference i n  

' 
-__ 1 

. -  



It should be pointed out that A.A. €bkhung's dis&rihntion of 
T(z) is based on direct measurements of the neutral atmospheric com- 
position and does not make any assumptions as to the composition of the 
atmosphere. 

In conclusion, let us note that the temperature in the ARDC-1959 
model increases with altitude at the same gradient (0.5 degree/km) as 
in our curve obtained by means of the equation of hydrostatic equillbrium. 

The higher absolute temperatures in the ARDC-1959 model, compared 
with ours, can be attributed to differences in basic assumptions about 
the composition of the atmosphere. 
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Fig. 2 - Results of calculations of vertical temperature distribution in the 
' into thermosphere with different values for radiant energy c 
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Fig. 3 - Results of calculations of temperature distribution with alti- 
tude. Four curves correspond to each of the four values of the energy 

TWO curves for F.S. Johnson's values for q: 

which the continuous thin line corresponds to the dependence A N T 3/4, 
and the continuous thick line to A - T 1/2) and two curves for the value 

q = (dotted line for the dependence X - T 3/4 and the dashed 

line fo r  - T 1/2). 

flux F (zo): - - 
q = qJohnson (from 

- 
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.L - T' . Fig. 4 - Comparison of the molecular temperature obtained from the 
equation of hydrostratic equilibrium with the ARDC -1959 model and 

of vertical distributions of true temperature. 
1. Molecular temperature calculated according to (28). - 

2 .  Molecular temperature calculated according to ARDC-1959. 
3 .  True temperature by ARDC -1959. 
4. True temperature by (22) taking into consideration L. E .  Miller's 
data on the chemical composition of the atmosphere. 
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Fig. 5 - Comparison of the temperature distribution based on (30), 
according to the models of D.R. Bates, ARDC-1959, and 

1 - according to (30); 2 - by D.R. Bates: 3 - from the thermal 
conductivity -equatio the same with 
F = O ;  5 -byA.A.  
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Fig. 6 - Temperature distributions corresponding to the different 
models of the atmosphere. 


